B cell receptor (BCR)-signaling inhibitors such as Ibrutinib and Idelalisib do not cure CLL,
suggesting the importance of other pathways. 1 Cytokines are also important in CLL biology and mediate transcription of oncogenic genes such as miR-17 by activating signal transducer and activator of transcription (STAT) proteins including STAT5A/B and STAT3 through Janus kinases (JAKs). [2] [3] [4] We hypothesized that Ruxolitinib, a selective JAK1/2 inhibitor licensed for myelofibrosis, 5 might have unrecognized activity in CLL and designed a single center phase II trial to evaluate it in patients considered unfit for FCR on the basis of age and comorbidies. 6 The demonstrated safety of Ruxolitinib in myelofibrosis was felt to make it ethical to use as first-line therapy for elderly CLL patients. The primary endpoint was overall response rate (ORR) assessed after 7 treatment cycles. 7 Secondary endpoints were safety and tolerability. 7 The study was approved by the Sunnybrook REB and Health Canada and registered with ClinicalTrials.gov, NCT02015208.
A traditional activity design for phase II trials of single agents was employed 8 at the dose and schedule for Ruxolitinib in myelofibrosis approved by Health Canada. A preliminary phase I design was not considered necessary due to the favorable experience in myelofibrosis. 5, 9 Starting doses and modifications were based on platelet and neutrophil counts according to the product label. The maximum daily dose allowed was 100 mg 9 and the average dose was 10 mg twice daily (Table 1) . Ruxolitinib was administered on a 28 day cycle to be repeated in the absence of intolerable toxicity or disease progression for a maximum of 7 cycles, based on experience with
Ibrutinib that suggested an average time to best response of 7.4 months. 10, 11 The trial planned to enroll 14 patients to target a 20% response rate with a power of 80% and assuming a null response rate of 0%. After enrolling 13 patients between April 23 and October 16, 2014, the trial was stopped due to the uniformity of biological responses, unexpectedly high incidence of anemia, and no examples of decreased lymphocytosis.
The mean age was 74 with 8/13 patients older than 70 years (Table 1) . Prior treatment with cytotoxic chemotherapy was not allowed but JAK 3, 5, 7, 8, 9 , and 12 were treated with 2-5 cycles of high-dose glucocorticoids for evidence of active disease prior to enrollment. 7,12 JAK 2 and JAK 10 had been treated previously with conventional steroid doses for autoimmune hemolytic anemia, followed by splenectomy. JAK7 also had a prior splenectomy to relieve splenomegaly-associated pain. Five patients had positive direct antiglobulin tests without evidence of active hemolysis at study entry ( Table 2) .
Ruxolitinib exhibited marked biological activity in all patients. The sum of the products of bidirectional measurements of the largest palpable lymph nodes in the neck, axilla, and inguinal regions 7 plus the spleen-tip distance from the costal margin was obtained by physical examination at each clinic visit. In most cases, palpable lymphadenopathy, although not splenomegaly greater than 3 cm, decreased within 1-2 cycles of therapy ( Figure 1A ).
Based on CT scans performed before and at end of treatment (EOT) after 7 cycles, marker nodes decreased by 50% in 8 patients, consistent with partial responses (PRs). 7 Radiologic responses were not as marked as changes on physical exam. All patients exhibited increases in white blood cell (WBC) counts, reflecting circulating lymphocytes ( Figure 1A ), and most patients were anemic on study entry (Table 2) , which worsened on Ruxolitinib and obviated classifying the responses as PRs with lymphocytosis. 10,11 Accordingly, 2 patients developed progressive disease on Ruxolitinib, 10 had stable disease, and JAK9 was not evaluable due to early death.
Disease control appeared somewhat transient. Beta-2 microglobulin levels (Table 1) decreased initially but began to increase towards EOT and accelerated following discontinuation of Ruxolitinib ( Figure 1A ). Lymphadenopathy also began to increase towards EOT ( Figure 1A ).
Three patients progressed within several months of completing Ruxolitinib and went on to other treatments (Table 1) . Since all patients warranted treatment at study entry, it can be concluded that Ruxolitinib delayed the need for another treatment by almost a year.
Profound lymphocytosis accompanied decreased lymphadenopathy, suggesting a change in compartmentalization of CLL cells. The lymphocytosis was sustained throughout treatment and associated with increased plasma lactate dehydrogenase (LDH) ( Figure 1A ). Increased LDH might reflect tumor lysis or hemolysis but no changes were noted in other markers of these conditions, including serum phosphate, uric acid, bilirubin, and haptoglobin. Blood lymphocyte and LDH levels declined at EOT, or when treatment was interrupted for thrombocytopenia or infections ( Figure 1A ,B), suggesting they were caused by Ruxolitinib and did not represent disease progression.
The major toxicities were infections and anemia. Only 3 patients did not require antibiotics for suspected mild infections. Extrapulmonary Blastomycosis dermatiditis developed in JAK10. JAK6 died of viral pneumonia after 7 cycles and JAK9 died of septic shock following an accidental laceration after cycle 3. JAK6 and JAK9 had not been splenectomized or treated with steroids.
Immunosuppressive effects on T and dendritic cells have been attributed to Ruxolitinb but were not studied formally in this trial. 13 Immunoglobulin levels were transiently suppressed in 7 patients (whose IgA, IgG, and IgM levels (reported as mean±standard error) decreased from . were on immunoglobulin replacement prior to the study while JAK6 and JAK9 were unavailable for this analysis.
Neutropenia was not seen but platelets often decreased temporarily early in the course of treatment and necessitated dose reductions or treatment delays but not platelet transfusions in 7
patients. In contrast, anemia was a significant problem. The average decline in Hb was 30 g/L by cycle 4 ( Table 2 ). All patients were transfusion-independent at study entry but 10/13 were transfused on Ruxolitinib. Positive direct Coombs tests pre-existed in 5/13 patients but there was no evidence for development of autoimmune hemolytic anemia. Coombs positivity in JAK13 even disappeared after several months of Ruxolitinib (Table 2 ). Reticulocytes decreased below 30x10 9 /L in many patients, suggesting the anemia resulted from impaired erythrocyte production. Red cell aplasia was not seen on bone marrow biopsies performed at study entry and
Darbopoietin improved the anemia in 9/13 patients ( Table 2) .
Despite variations in baseline measurements and magnitude of change, expression of phospho-STAT5, -STAT3, and its signature gene product miR-17 were consistently decreased by cycle 3 ( Figure 1C ), suggesting JAK1/2 had been inhibited in vivo. 2, 3 Plasma levels of a number of chemokines and cytokines were changed by Ruxolitinib, including GCSF, which increased in all patients ( Figure 1D ).
The results of the trial suggest an important role for JAK/STAT signaling in CLL, particularly in the homing of CLL cells. Although the sample size was small, had an unusual sex distribution and unknown IgVH status, and almost a quarter had been splenectomized, Ruxolitinib induced a stereotyped response in all patients consisting of a rapid decrease in lymphadenopathy coupled with increased lymphocytosis and plasma LDH levels ( Figure 1A ).
These responses resemble those of Idelalisib and Ibrutinib in some ways. However, the sustained lymphocytosis and increased LDH levels ( Figure 1A) are not features of BCR-inhibitors.
Response durations with Ruxolitinib were also much shorter ( Figure 1A) , perhaps because the increase in factors such as GCSF ( Figure 1D ) counter growth-inhibitory effects of decreased miR-17 ( Figure 1C ) in the same way they mediate resistance to kinase inhibitors in other cancers.
14 The toxicity profile also differs, with suggestions that infectious risks and anemia are more severe with Ruxolitinib in CLL compared to other conditions.
Results with Ruxolitinib in 21 untreated and 15 previously treated patients not requiring systemic therapy were recently described. 15 Ruxolitinib was used at 10 mg BID for 3 months and significantly reduced fatigue, disease related symptoms, and β2M levels. WBCs increased and then decreased below baseline, suggesting a reduction in tumor burden. These observations are similar to our results after 3 cycles (Fig.1) . However, high rates of anemia requiring transfusion (Table 2 ) and infections were not reported. Differences between these studies may reflect different patient populations or duration of treatment (3 vs 7 months) with Ruxolitinib.
The powerful biologic activity of Ruxolitinib in CLL may be exploited by combining it with BCR-signaling inhibitors and a study is being planned to add Ruxolitinib to CLL patients with persistent disease despite Ibrutinib. Since Ruxolitinib-induced anemia and thrombocytopenia generally appeared in the 3rd and 4th weeks of each cycle and reversed within 2-3 weeks off treatment without apparently compromising therapeutic efficacy ( Figure 1B) , an intermittent dosing-strategy, shortened to 4 cycles, will be incorporated to lessen potential hematologic toxicities. Erythropoietin agonists and prophylactic antibiotics will also be used to limit transfusions (Table 2 ) and prevent infections. 
